Analysis of Upstream Elements in the HuC Promoter Leads to the Establishment of Transgenic Zebrafish with Fluorescent Neurons  by Park, Hae-Chul et al.
S
K
N
w
o
N
9
Developmental Biology 227, 279–293 (2000)
doi:10.1006/dbio.2000.9898, available online at http://www.idealibrary.com onAnalysis of Upstream Elements in the HuC
Promoter Leads to the Establishment of Transgenic
Zebrafish with Fluorescent Neurons
Hae-Chul Park,*,1 Cheol-Hee Kim,†,1 Young-Ki Bae,‡ Sang-Yeob Yeo,*
eok-Hyung Kim,* Sung-Kook Hong,* Jimann Shin,*
yeong-Won Yoo,* Masahiko Hibi,‡ Toshio Hirano,‡
aomasa Miki,§ Ajay B. Chitnis,† and Tae-Lin Huh*,2
*Department of Genetic Engineering, Kyungpook National University, Taegu 702-701, Korea;
†Laboratory of Molecular Genetics, National Institute of Child Health and Human
Development, NIH, Bethesda, Maryland 20892; and ‡Division of Molecular Oncology,
Biomedical Research Center and §Department of Pharmacology, Osaka University
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HuC encodes an RNA binding protein homologous to Drosophila elav that serves as an excellent early marker for
differentiating neurons. We have characterized the promoter of the zebrafish HuC gene by examining the ability of
5*-upstream fragments to drive expression of green fluorescent protein (GFP) in live embryos. We determined that 2.8 kb of
the 5*-flanking sequence is sufficient to restrict GFP gene expression to neurons. The core promoter spans 251 base pairs and
contains a CCAAT box and one SP1 sequence but no TATA box is present near the transcription start site. A putative MyT1
binding site and at least 17 E-box sequences are necessary to maintain the neuronal specificity of HuC expression.
Interestingly, sequential removal of the putative MyT1 binding site and 14 distal E boxes does not appear to abolish
neuronal expression; rather, it leads to a progressive expansion of GFP expression into muscle cells. Further removal of the
three proximal E boxes eliminates neuronal and muscle specificity of GFP expression and leads to ubiquitous expression of
GFP in the whole body. Identification of key components of the HuC promoter has led to the establishment of a stable
zebrafish transgenic line (HuC-GFP) in which GFP is expressed specifically in neurons. We crossed mind bomb (mib) fish
ith this line to visualize their neurogenic phenotype in live mib2/2 mutant embryos. This cross illustrates how HuC-GFP
fish could be used in the future to identify and analyze zebrafish mutants with an aberrant pattern of early
neurons. © 2000 Academic Press
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HuC/elrC belongs to a family of vertebrate neuronal-
specific genes (Good, 1995; Kim et al., 1996) homologous to
the Drosophila elav, a vital gene for the development and
maintenance of the nervous system (Jimenez and Campos-
Ortega, 1987). Although the target RNAs for HuC protein
1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed at Department
f Genetic Engineering, College of Natural Sciences, Kyungpook
ational University, Taegu 702-701, Korea. Fax: (182) 53-943-c755. E-mail: tlhuh@knu.ac.kr.
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All rights of reproduction in any form reserved.have yet to be identified, several in vitro analyses have
hown that Hu proteins are able to bind AU-rich 39-
ntranslated regions (UTRs) of mRNAs for various tran-
cription factors and cytokines (Levine et al., 1993; King et
l., 1994; Liu et al., 1995; Ma et al., 1996b). In this manner
HuC is thought to play an important role in postmitotic
neuronal differentiation and subsequent maintenance of
the vertebrate nervous system (review: Chen and Shyu,
1995).
Due to its requirement in neurons from an early stage of
differentiation, elav has been used as an early neuronal
arker and examination of its expression has helped study
ellular, molecular, and genetic interactions that control
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280 Park et al.early neurogenesis in Drosophila (Campos et al., 1987;
Robinow and White, 1988). Recent studies have empha-
sized similarities in the mechanisms that control early
neurogenesis in Drosophila and vertebrates, particularly in
zebrafish and Xenopus embryos (review: Chitnis, 1999). In
light of these studies the vertebrate homologue of elav,
HuC, has emerged again as a useful tool in the study of early
neurogenesis in zebrafish (Kim et al., 1996).
In zebrafish, early neurons are distributed in three longi-
tudinal columns of the neural plate. Within these longitu-
dinal columns only a subset of cells express HuC and
differentiate as neurons. Expression of a basic helix–loop–
helix (bHLH) transcription factor, neurogenin1 (ngn1), helps
efine the longitudinal proneuronal domains where cells
ave the potential to become neurons (Blader et al., 1997;
im et al., 1997; Korzh et al., 1998). However, ngn1 drives
he expression of the inhibitory ligand DeltaA, which
nteracts with its receptor, Notch, in neighboring cells
hose activation, in turn, reduces the expression of ngn1 in
hese cells. As a consequence of this inhibitory feedback
oop, only a subset of cells manage to maintain high levels
f ngn1 and DeltaA expression (Appel and Eisen, 1998;
addon et al., 1998). Cells that do, begin expressing another
elta homologue, DeltaB, and genes like MyT1 and Zcoe2
hat facilitate the stable adoption of a neuronal fate (Belle-
roid et al., 1996; Bally-Cuif et al., 1998). These cells also
egin to express neuroD, another bHLH transcription factor
hose activity leads to expression of early markers of
euronal differentiation like HuC (Korzh et al., 1998).
eighboring cells, in which neuronal fate is suppressed by
otch activation, adopt alternate fates or remain undiffer-
ntiated, giving rise to neurons later in development. When
he function of the neurogenic genes like Notch and Delta
s suppressed, loss of lateral inhibition leads to an overpro-
uction of HuC-expressing cells (Appel and Eisen, 1998).
Zebrafish are now widely used in genetic screens to
dentify genes responsible for a range of early developmen-
al events. They are particularly well suited to genetic
nalysis because large numbers of embryos can be easily
btained and raised to maturity within a relatively short
eriod. Furthermore, the embryos are completely transpar-
nt during the first day of development, by the end of which
he framework of the early nervous system is established
Chitnis and Kuwada, 1990; Wilson et al., 1990). Large-scale
utagenesis screens have already identified a number of
utants in which the early pattern of neurons is altered.
his includes the neurogenic mutant mind bomb (mib),
hich is characterized by an overproduction of primary
eurons (Jiang et al., 1996; Schier et al., 1996). Identifica-
ion of mib, however, was a serendipitous event, as the
utant was originally identified on the basis of various
isible morphological defects and not due to its neurogenic
henotype. In order to directly identify zebrafish mutants in
hich the distribution of early neurons is altered, an
lternate approach has been used where embryos were
creened for changes in the distribution of HuC-expressing
ells (Artinger et al., 1999). The success of this screen
Copyright © 2000 by Academic Press. All rightemonstrated the value of HuC as an early neuronal
arker. However, the screen required a time-consuming
rocedure where HuC expression was revealed with RNA
n situ hybridization.
The serendipitous discovery of mib and the tediousness
f in situ hybridization-based screens underscores the im-
ortance of developing tools for rapidly screening live
mbryos for alterations in the distribution of early neurons.
ne solution would be to create a transgenic zebrafish line
n which green fluorescent protein (GFP) is expressed in
eurons. With this goal in mind this article describes the
dentification and analysis of the HuC promoter. Identifi-
ation of the promoter not only led to the establishment of
ransgenic zebrafish with fluorescent neurons but charac-
erization of the promoter helps in the understanding of
ow upstream binding sites for bHLH transcription factors
nd genes like MyT1 help to integrate information that
etermines which cells will differentiate as neurons.
MATERIALS AND METHODS
Fish Maintenance
Zebrafish were raised, maintained, and staged as described by
Kimmel et al. (1995). Embryos were obtained by spontaneous
spawning and appropriate stages of the embryos were dechorion-
ated with watchmaker’s forceps and fixed with 4% paraformalde-
hyde in either phosphate-buffered saline or appropriate fixation
buffer.
Isolation and Characterization of 5*-flanking
Sequence for HuC Genomic DNA
A zebrafish genomic DNA library (Clontech, Palo Alto, CA) was
screened with [a-32P]dCTP-labeled cDNA containing the 59-
untranslated region of zebrafish HuC cDNA (Kim et al., 1996). By
the plaque hybridization, a number of positive clones were identi-
fied and a clone containing the largest genomic DNA insert was
purified to a single phage plaque. A 15-kb genomic DNA insert
isolated by NotI digestion of the phage DNA was further cleaved
with NcoI and the largest DNA fragment (7 kb) among the five NcoI
ragments was subcloned into plasmid pGEM7 (1) (Promega,
adison, WI). For the nucleotide sequence analysis of the 59-
anking region of zebrafish HuC gene, a 3.6-kb EcoRI genomic
NA fragment was further isolated from a 7-kb DNA fragment and
ts nucleotide sequence was analyzed by the dideoxynucleotide
hain termination method (Sanger et al., 1977).
Primer Extension
An oligonucleotide primer 59-CCTCAGCAGTGTGAAAAT-
GAGGAT-39 corresponding to the sequence from exon-1 of ze-
brafish HuC gene (Fig. 2) was end-labeled with [g-32P]ATP (Amer-
ham) using T4 polynucleotide kinase (Promega) to 108 cpm/mg.
ach of 60 mg total RNA isolated from 24 hpf zebrafish embryos
and yeast tRNA were hybridized with isotope-labeled primer (5 3
105 cpm) at 30°C. After 18 h of incubation, the samples were
recipitated by ethanol and resuspended in 20 ml of a reverse-transcriptase reaction mixture (50 mM Tris–Cl, 6 mM MgCl2, 40
s of reproduction in any form reserved.
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281Transgenic Zebrafish with Fluorescent NeuronsmM KCl, 10 mM dithiothreitol, pH 8.5). Two hundred units of
AMV reverse transcriptase (Boehringer Mannheim, Mannheim,
Germany) was added and the reactions were incubated at 42°C for
1 h. The cDNA products were ethanol-precipitated and electropho-
resed on a denaturing 6% polyacrylamide gel containing 8 M urea.
To map the nucleotide position for the transcription start site, a
separate DNA sequencing reaction using a 3.6-kb EcoRI fragment
of zebrafish HuC genomic DNA with the same oligonucleotide
primer was performed and subjected to electrophoresis.
Whole-Mount in Situ Hybridization
Antisense digoxigenin-labeled RNA probe for the 39-UTR of
zebrafish HuC cDNA (Kim et al., 1996) was produced using a
DIG-RNA labeling kit (Boehringer Mannheim), following the
manufacturer’s instructions. Hybridization and detection with an
antidigoxigenin antibody coupled to alkaline phosphatase (Vector
Laboratories, Burlingame, CA) were performed as described by
Jowett and Lettice (1994).
Plasmid DNA Constructs
A 7-kb genomic NcoI fragment containing the 4.6 kb of the
59-flanking region, 391 bp of exon-1, and a part of intron-1 (429 bp)
was subcloned into NcoI site of plasmid pGEM5 (1) (Promega) and
the resulting plasmid DNA was used as a PCR template for the
generation of DEco construct. PCR with sense primer, 59-
GAATTCACTAATTTGAAT-39 (22771 to 22754 in Fig. 2), and
antisense primer, 59-TCTTGACGTACAAAGATG-39 (1365 to
1382 in Fig. 2), produced a 3.2-kb DNA fragment containing 2771
bp of the 59-flanking region and 382 bp of exon-1. It was digested
with EcoRI and then inserted into the EcoRI/SmaI site of plasmid
pEGFP-1 DNA (Clontech) to generate the DEco construct. All PCRs
were performed using PfuTurbo DNA polymerase (Stratagene, La
Jolla, CA) and manufacturer’s protocol. To generate further dele-
tion constructs for the zebrafish HuC promoter, DEco construct
was cleaved with EcoRI/HindIII, EcoRI/SphI, EcoRI/KpnI, EcoRI/
BstXI, and EcoRI/SacI. After restriction enzyme digestions, the
larger DNA fragments from each of the restriction reaction were
isolated and self-ligated to create DHind (22473 to 1382 bp), DSph
(21962 to 1382 bp), DKpn (21161 to 1382 bp), DBst (2431 to
382), and DSac (2251 to 1382), respectively. To generate DEkpn
22771 to 21162 bp), DEbst (22771 to 2432 bp), and DEsac (22771
to 2252 bp) constructs, DEco construct was also double-digested
with EcoRI/KpnI, EcoRI/BstXI, and EcoRI/SacI, respectively, and
the smaller DNA fragments were inserted into the compatible sites
in plasmid pEGFP-1. When the appropriate restriction sites were
not present, 39-ends were blunted with klenow enzyme and in-
serted into the EcoRI/SmaI site. To construct DSac-M, the CCAAT-
box sequence in the DSac construct was mutated to CCCAT by
site-directed mutagenesis using the Chameleon double-stranded,
site-directed mutagenesis kit (Stratagene) with an oligonucleotide
primer (59-TAGCCCATCAGCAGCAACTCTGCC-39). For the
construction of the HuC-GFP minigene to be expressed in the
transgenic zebrafish, a GFP gene was transferred to the plasmid
CS2(2) backbone as follows: A 0.75-kb GFP gene was isolated by
Eco47III/XhoI digestion of plasmid pEGFP-C1 DNA (Clontech) and
inserted into the StuI/XhoI site of plasmid CS2A(2) that was
derived from the self-ligation of a SalI/HindIII-digested large frag-
ment of plasmid CS2(2). The resulting plasmid (CS2A(2)) contain-
ing the GFP gene was further cleaved with NcoI and a 10.5-kb NcoI
fragment of HuC genomic DNA was inserted into the NcoI site p
Copyright © 2000 by Academic Press. All rightlocated at the ATG codon of the GFP gene in plasmid CS2A(2). For
the isolation of HuC genomic DNA, a 15-kb zebrafish HuC
genomic DNA insert was excised from genomic phage clone and
then a 10.5-kb DNA fragment containing 4.6 kb of the 59-flanking
region, 391 bp of exon-1, 5.5 kb of intron-1, and 15 bp of exon-2 was
further isolated by the partial digestion of NcoI. Finally, the
obtained plasmid CS2A(2) containing the 10.5-kb HuC gene and
the 0.75-kb GFP gene was further digested by EcoRV/BamHI to
remove the 0.5-kb EcoRV/NcoI DNA fragment at the most 59-
upstream sequence of the 59-flanking sequence in the 4.6-kb HuC
genomic DNA, and then self-ligated to construct the HuC-GFP
minigene in plasmid CS2A(2).
Optics
Whole-mount in situ hybridization patterns and immunostain-
ing were observed with a Zeiss Axioscop microscope. Embryos and
adult fish were anesthetized using tricaine (Sigma A-5040), as
described by Westerfield (1995), and examined under a FITC filter
on a Zeiss Axioskop fluorescence microscope. Laser confocal
microscopic images were obtained using Leica DM/R-TCS laser
scanning microscope equipped with a FITC filter.
DNA Preparation and Microinjection
Plasmid DNA was prepared using the EndoFree plasmid kit
(Qiagen, Valencia, CA). For transient expression, an intact circular
form of plasmid DNA constructs were microinjected into the
zebrafish embryos. To construct a permanent transgenic line,
plasmid CS2A(2) containing the HuC-GFP minigene was linear-
ized by a single-cut restriction enzyme ScaI which lies on the
plasmid CS2A(2) vector backbone. Linearized DNA was extracted
once in phenol–chloroform and precipitated by ethanol. For micro-
injection, DNA concentration was adjusted to 100 mg/ml in 0.1 M
KCl solution (Stuart et al., 1990) containing 0.5% phenol red and
100–200 pl was injected into the embryos prior to the first
cleavage.
Immunohistochemistry
Dechorionated embryos were fixed in BT buffer (0.1 M CaCl2,
4% sucrose in 0.1 M NaPO4, pH 7.4) containing 4% paraformalde-
hyde for 12 h at 4°C, and then rinsed in PBST (1 3 PBS, 0.1% Triton
X-100, pH 7.4). Embryos were frozen in 220°C acetone for 7 min,
washed three times in PBST, and then incubated in PBS-DT
blocking solution (1 3 PBST, 1% BSA, 1% DMSO, 0.1% Triton
X-100, 2% goat serum) for 1 h. Embryos were incubated with
1:1000 diluted anti-GFP polyclonal antibody (Clontech) for 4 h at
room temperature, washed 10 times for 2 h with PBS-DT, and
incubated again with 1:500 diluted biotinylated goat anti-rabbit
antibody (Vector) at 4°C overnight. Embryos were washed for 6 h in
PBS-DT at room temperature and incubated for 2 h at room
temperature in Vectastain Elite ABC reagent (Vector) prepared by
the manufacturer’s recommendation, followed by five times wash-
ing in PBS-DT and three times washing in 0.1 M NaPO4, pH 7.4.
Embryos were then incubated in 1 ml DAB chromogenic solution
(1% DMSO, 0.5 mg/ml diaminobenzidine, 0.0003% H2O2 in 0.05
NaPO4, pH 7.4) at room temperature. While monitoring the
mbryos for 5 to 10 min under the dissecting microscope, chromo-
enic reaction was stopped by extensive rinsing with 0.1 M NaPO4,
H 7.4.
s of reproduction in any form reserved.
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282 Park et al.RESULTS
Early Neuronal Expression of HuC
in Zebrafish Embryo
Our previous work suggested that HuC is a useful marker
for neurons in zebrafish since it is expressed in a pattern
suggesting its expression in nascent primary neurons soon
after gastrulation (Kim et al., 1996; Park et al., 2000). To
provide additional evidence that HuC-positive cells are
early neurons, we compared the expression of HuC with
that of DeltaB, which recent studies have shown is also
expressed in nascent neurons (Haddon et al., 1998). At
omite stage 3, the expression of HuC in three longitudinal
olumns within neural plate is very similar to that of
eltaB (Fig. 1).
Molecular Characterization of the 5*-flanking
Region of HuC
For the isolation of the zebrafish HuC promoter region, a
zebrafish genomic library was screened using a radiolabeled
probe derived from the 59-UTR of zebrafish HuC cDNA
(Kim et al., 1996) and a 15-kb NotI genomic DNA insert was
dentified from phage DNA. By the preliminary restriction
nalyses and partial nucleotide sequencing (data not
hown), a 7-kb NcoI DNA fragment of the 15-kb NotI
genomic insert was identified to contain 5 kb of the
59-upstream sequence from the translation start codon ATG
(data not shown). To further define the putative promoter
region in the 7-kb NcoI genomic DNA fragment, we iso-
lated an internal EcoRI fragment (3.6 kb) containing a
3.2-kb upstream sequence from the translation start codon
ATG and analyzed its complete nucleotide sequence (Fig.
2). The transcription start site was determined by primer
extension using an antisense oligonucleotide derived from
the 59-UTR sequence of HuC cDNA (Kim et al., 1996). As
FIG. 1. Comparison of HuC and DeltaB mRNA expression in the
in a pattern very similar to that of DeltaB (B), which is expressed in
ensory neuron; pin, primary intermediate neuron; pmn, primary mshown in Fig. 3, a single cDNA band extended on template n
Copyright © 2000 by Academic Press. All rightmRNA derived from 24 hpf zebrafish embryos. Using this
cDNA the nucleotide position of transcription start site
was mapped within the genomic DNA. The transcription
start site G is referred to as 11 and all subsequent nucleo-
tide positions were numbered relative to this location (Fig.
2). The transcription start site mapped at G is consistent
with the report that RNA polymerase II prefers to start at
purines (Baker and Ziff, 1981). Based on a transcription start
site with a previously reported HuC cDNA sequence (Kim
et al., 1996), a 3.6-kb EcoRI fragment of zebrafish HuC
genomic DNA was determined to consist of 2771 bp of the
59-flanking sequence, 391 bp of exon-1 (382 bp 59-
untranslated region followed by a 9-bp coding sequence),
and part of intron-1 (429 bp) (Figs. 2 and 4). The nucleotide
sequence for the immediate upstream region of the tran-
scription start site revealed the presence of one CCAAT box
(264/260), one GATA-1 (2242/2238), and one SP1 (2213/
2208) site (Fig. 2), suggesting the possibility that the core
promoter for HuC is located around this region. However,
there is no obvious TATA box near the region 30-bp
upstream of the transcription start site. The most striking
feature of the 59-flanking sequence of the HuC gene is the
presence of 18 E-box sequences (at 2229/2224, 2257/2252,
2272/2267, 2426/2421, 2510/2505, 2827/2822, 21035/
21030, 21193/21188, 21378/21373, 21769/21754,
1892/21887, 21921/21916, 21968/21963, 22224/
2219, 22393/22388, 22437/22432, 22565/22560, and
2665/22650) (Fig. 2), which suggests an important role for
-box-binding bHLH transcription factors (Murre et al.,
994) in the neuron-specific regulation of HuC gene expres-
ion. This is consistent with the previously suggested role
f bHLH transcription factors like ngn1 in determination of
euronal fate. In addition, one putative MyT1 binding site,
hich has also been reported to be essential for neuronal
ifferentiation (Bellefroid et al., 1996), was identified at
l plate at the 3-somite stage. HuC (A) is expressed in isolated cells
ronal precursor cells. Dorsal views, anterior to the left. ps, primary
r neuron.neuraucleotide position 22687/22680 (Fig. 2).
s of reproduction in any form reserved.
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283Transgenic Zebrafish with Fluorescent NeuronsFIG. 2. Structure of the 59-flanking region of the zebrafish HuC gene. The nucleotide sequence has been deposited in GenBank
nder Accession No. AF173984. The major transcription start site, determined by the primer extension method, is presented
s position 11 and marked by an arrow. The nucleotides are numbered on the right starting with the transcription start site. The
xon-1 is marked by shaded letters and lowercase letters with underline denote the oligonucleotide sequence corresponding to the
ntisense oligonucleotide primer used to primer extension experiment. The translation start codon ATG is indicated by bold letters.
he MyT1, GATA-1, and SP1 sites are underlined. The canonical CBF/NY-Y binding site (CCAAT-box) is double underlined and
-boxes are boxed.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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284 Park et al.A 2.8-kb 5*-upstream Sequence Is Sufficient
to Restrict HuC Expression in Neurons
We examined how much of the 59-upstream sequence in
he 3.6-kb EcoRI fragment, containing the putative HuC
romoter region, is sufficient to restrict the expression of
he GFP reporter gene to neurons. For this, a 3.2-kb (22771/
382) genomic DNA fragment, amplified by PCR from the
.6-kb EcoRI genomic DNA fragment, was fused with the
FP coding sequence to construct the HuC-GFP gene,
designated DEco (Fig. 4). The DEco DNA construct was
injected into zebrafish embryos at the one-cell stage and
GFP expression in the microinjected embryos was analyzed
by the fluorescence microscopy. At 48 hours post fertiliza-
tion (hpf), embryos microinjected with DEco expressed GFP
in all regions of the nervous system (Table 1). At this stage
GFP was most easily observed in parts of the brain with
prominent nuclei, the retina, in peripheral ganglia like the
trigeminal ganglia, and in the spinal cord (Figs. 5A, 5B). GFP
expression was clearly observed in the individual neuronal
cell bodies and axons. Hence the peripheral projections of
the trigeminal ganglion neurons and Rohon-Beard neurons
as well as their central projections that terminate in the
FIG. 3. Determination of transcription start site of HuC gene by
primer extension. A [g-32P]ATP-labeled antisense oligonucleotide
rimer corresponding to the 24 bp (1169 to 1192) of exon-1 of HuC
as hybridized with total RNA isolated from 24 hpf zebrafish
mbryos (Z) or tRNA from yeast (Y) and subjected to primer
xtension. The extended DNA samples were size-fractionated on a
enaturated 6% polyacrylamide gel containing 8 M urea. For the
ize ladder, a dideoxy DNA sequencing reaction for the zebrafish
uC genomic DNA with the same antisense oligonucleotide
rimer was performed and then simultaneously electrophoresed
ith the primer-extended samples on the same gel. An extended
DNA band from zebrafish RNA is indicated by the arrow and the
orresponding nucleotide G is marked by an asterisk.hindbrain could be easily be identified by the strong fluo-
Copyright © 2000 by Academic Press. All rightrescence of GFP (Fig. 5C). In addition, the major axonal
tracts including the medial longitudinal fasciculus (mlf) and
the dorsal longitudinal fasciculus (dlf) in the spinal cord and
other axonal tracts that make up the early axonal scaffold in
the brain were also visualized by the strong GFP expression
in axons (Figs. 5B–5E). The neuronal specificity of the GFP
expression driven by the DEco construct was further exam-
ined in whole mounts with an anti-GFP polyclonal anti-
body (data not shown). These data suggested that the
59-flanking promoter region in the DEco construct contains
regulatory elements necessary to restrict HuC gene expres-
sion to the neurons.
E Boxes and Putative MyT1 Binding Site Are
Necessary to Maintain Neuronal Specificity
of HuC Promoter
In order to identify regulatory regions necessary to main-
tain HuC gene expression exclusively in the neurons, serial
deletions of the 59-flanking region (2.8 kb) in the DEco
onstruct were generated from both 59- and 39-ends (Fig. 4).
hanges in GFP expression as a consequence of the dele-
ions were identified by examining GFP expression at 48
pf in embryos injected with specific deletion constructs at
he one-cell stage (Fig. 6).
When embryos were injected with the DHind construct
22473/1382), 96.5% of embryos expressed GFP in the
eurons (Table 1), similar to that with the DEco construct
Fig. 5); however, GFP expression was also seen in some
uscle cells (Table 1 and Fig. 6A). This observation sug-
ests a role for a putative MyT1 binding site (22687/22680)
nd/or two E-box sequences (17th at 22565/22560 and
8th at 22665/22650) (Figs. 2 and 4) in suppression of HuC
xpression in muscle cells. Since MyT1 is not expressed in
uscle cells it is more likely that loss of the E boxes in this
eletion are responsible for the more promiscuous expres-
ion of GFP. When constructs DHind, DSph (21962/1382),
DKpn (21162/1382), and DBst (2431/1382), representing
progressive deletions of 12 E boxes (5–16) (Fig. 4), were
tested, GFP expression in muscle cells increased propor-
tional to the loss of E boxes, without concomitant loss of
GFP expression in the neurons (Table 1). GFP expression in
the muscle cells driven by the DBst construct finally over-
whelmed its expression in neuronal cells (Table 1 and Fig.
6B). These results reveal a role of E-box sequences 5–18 in
suppressing HuC expression in the muscle cells rather than
in specifically enhancing neuronal expression. Finally, the
DSac (2251/1382) construct, which lacks three proximal
E-box sequences (2nd to 4th), drives ubiquitous expression
of GFP in all tissues including skin and notochord (Table 1
and Figs. 6C, 6D). This suggests that the DBst construct
contains elements necessary to drive expression of HuC in
neurons and muscle and to prevent expression in other
nonneuronal tissue.
To test the function of the putative CCAAT box (264/
260) within the DSac construct, a point mutation was
introduced changing the first A to C. The resulting DSac-M
s of reproduction in any form reserved.
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285Transgenic Zebrafish with Fluorescent Neuronsconstruct almost completely lost its promoter activity
(Table 1 and Fig. 4), indicating that a 59-flanking region
spanning 251 bp in the DSac construct represents a core
promoter for the HuC gene. The localization of a core
FIG. 4. The structure and transient expression analysis of the zebr
nsert isolated from NotI digestion of phage DNA contained a 59-
xon-2 (216 bp), and a partial sequence of intron-2 (636 bp). By N
enerated from a 15-kb NotI fragment of a genomic DNA insert. Th
xon-1 and a 2-kb intron-1. In a 1.4-kb NcoI fragment, a partial seq
f the 59-upstream sequence in the EcoRI fragment for the HuC gene
espectively. The transcription start site is indicated as 11 and the
or functional analyses of the promoter, each deletion construct w
NA constructs (100 mg/ml) was microinjected into one-cell-stage e
fluorescence protein (GFP) fluorescence in the 48 hpf zebrafish em
indicated by closed bars with their numbers. The shaded bar indica
The asterisk in DSac-M denotes a mutated CCAAT box. B, BstXI;
Sc, SacI.
TABLE 1
Expression of GFP in 24 hpf Embryos Injected with Constructs Co
Construct
No. of embryos
observed
No. of embryos with
expression (%)
No.
neuron
DEco 165 152
DHind 160 141
DSph 154 134
Dkpn 148 120
DBst 157 138
DSac 222 205
DSac-M 137 8
DEkpn 122 0
DEbst 141 0
DEsac 156 0 0
Copyright © 2000 by Academic Press. All rightromoter region within the DSac construct was confirmed
y testing GFP expression with DEbst (22771/2431),
Ekpn (22771/21162), and DEsac (22771/2251) con-
tructs, which all lack the 251-bp 59-flanking region of DSac
HuC promoter in embryos. A 15-kb zebrafish HuC genomic DNA
ing sequence (8.2 kb), an exon-1 (391 bp), an intron-1 (5.5 kb), an
digestion, 3.6-, 7-, 2.1-, 1.4-, and 636-bp fragments were further
b NcoI fragment contained a 4.6-kb 59-flanking sequence, a 391-bp
e for exon-2 (15 bp) was included. Stippled box represents 2771 bp
exons and introns are indicated by the closed boxes and open bars,
slation start site ATG (1383/385 in Fig. 2) is denoted by an arrow.
enerated as described under Materials and Methods and 200 pl of
yos. The number of pluses represents the relative intensity of green
ic tissues observed by laser confocal microscopy. The E-boxes are
e MyT1 binding site and the open bar represents the CCAAT box.
coRI; Ev, EcoRV; H, HindIII; K, KpnI; N, NcoI; Nt, NotI; S, SphI;
ing 59-flanking Region of HuC Gene
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pression (%)
No. of embryos with
muscle expression (%)
No. of embryos with
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y the HuC promoter construct (DEco) in 48 hpf zebrafish embryos. (A) GFP fluorescence generated by superimposing a bright-field image
n a fluorescence image. (B) Fluorescence image of GFP detected in the nervous system including the telencephalic cluster, retinal ganglion
ells, medial longitudinal fasciculus, and dorsal longitudinal fasciculus. (C) GFP was expressed in the trigeminal ganglion neuron and
ohon-Beard neurons (arrow). (D, E) GFP expression in the peripheral process of Rohon-Beard axons (arrow) and dorsal longitudinal
asciculus of spinal cord. dlf, dorsal longitudinal fasciculus; ey, eye; mlf, medial longitudinal fasciculus; rb, Rohon-Beard neurons; rg, retinal
anglion; tc, telencephalic cluster; tg, trigeminal ganglion. Dorsal to the top and anterior to the left.
IG. 6. In vivo functional analysis of HuC promoter constructs in living zebrafish. Promoter deletion constructs for DHind (A), DBst (B),
Sac (C, D) were microinjected to the one-cell (A, B, C) or four-cell embryos (D). Fluorescence images of GFP in 48 hpf living zebrafish
mbryos were captured by the laser confocal microscopy. GFP expression in the neuronal cells and muscle cells are indicated by the
rrowheads and arrows, respectively.
287Transgenic Zebrafish with Fluorescent NeuronsFIG. 7. GFP fluorescence of neuron in living transgenic zebrafish. The neuronal cells of transgenic zebrafish lines permanently expressing
the HuC-GFP minigene (10.7 kb) were analyzed by the fluorescence microscopy. Lateral views of GFP fluorescence detected in the neurons
of 24 hpf heterozygotic (A) and homozygotic (B) transgenic embryos. (C) Cranial ganglia are highlighted by asterisks. Ventral motor roots
in the boxed area are indicated by arrows. (D) Lateral view of spinal cord of 60 hpf transgenic zebrafish embryo. The Rohon-Beard cells (rb),
commissural neurons (co), and primary motorneurons (mo) are visualized by the GFP fluorescence in living transgenic zebrafish embryo.
(A, B, C) GFP fluorescence detected by stereomicroscope; (D) Pseudo-color image of GFP fluorescence analyzed by laser confocal
microscopy.
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288 Park et al.construct (Fig. 4). As shown in Table 1, embryos injected
with DEbst, DEkpn, and DEsac did not show any significant
GFP expression, supporting the role of the 251 bp 59-
flanking sequence as the core promoter for the zebrafish
HuC gene. These results indicate that at least 17 E-box
sequences (2nd to 18th) and one putative MyT1 binding site
together with the proximal core promoter region orches-
trate neuron-specific expression of HuC. The core promoter
region plays a positive role in driving HuC expression,
while the E boxes and putative MyT1 binding sites help to
limit expression of HuC to neurons.
Neurons Are Visualized in HuC-GFP Transgenic
Zebrafish Embryos
For stable expression of GFP in the neurons, a HuC-GFP
minigene was constructed containing the 59-flanking re-
gion, exon-1, a part of exon-2, and the intervening intron-1
of HuC, and GFP coding sequence. The rationale for this
was that intervening sequences have been suggested to
increase gene expression in transgenic mice (Brinster et al.,
1988) and zebrafish (Amsterdam et al., 1995). Ten kilobases
f HuC genomic DNA, from an EcoRV site to the last NcoI
ite in a 15-kb NotI genomic DNA insert (Fig. 4), was
nserted upstream of the 0.75-kb enhanced GFP gene in
lasmid CS2A(2) as described under Material and Methods.
he resulting plasmid CS2A(2) DNA containing the HuC-
FP minigene (10.7 kb) was linearized by ScaI and micro-
njected into 500 one-cell stage zebrafish embryos. By 48
pf, 70% of the embryos survived. At 72 hpf, 55 embryos
ransiently expressing GFP in neurons were identified by
uorescence microscopy and raised to sexual maturity.
dults were crossed with wild-type fish and progeny were
ested for germline transmission of HuC-GFP under the
uorescence microscope. In this manner, one male adult,
apable of germline transmission, was identified as a trans-
enic HuC-GFP founder fish. This low efficiency for obtain-
ng the germline-transmittable transgenic founder fish
ight be caused by the relatively large size of microinjected
NA that contains both HuC-GFP minigene (10.7 kb) and
S2(2) plasmid backbone (3 kb). The obtained transgenic
ounder male fish was crossed with a wild-type female
ebrafish to obtain more HuC-GFP transgenic zebrafish.
welve percent of the F1 progeny inherited the HuC-GFP
ene by germline transmission from the founder. After
exual maturity, male and female F1 heterozygous trans-
genic zebrafish were crossed to each other and approxi-
mately 25% of the F2 embryos were identified as homozy-
ous HuC-GFP transgenics based on the level of GFP
expression.
In the homozygous HuC-GFP transgenic zebrafish, the
expression level of GFP is approximately twofold that of the
heterozygous line (Figs. 7A, 7B) and neuron-specific GFP
expression in the brain and spinal cord can be easily
visualized (Fig. 7C). The distribution of neurons in live
zebrafish embryos can be visualized using confocal laser
microscopy. At approximately 24 hpf, primary commissural (
Copyright © 2000 by Academic Press. All rightneurons, Rohon-Beard neurons and motorneurons in the
spinal cord can be clearly identified by their bright fluores-
cence, position, and axonal projections (Fig. 7D). In addi-
tion, nascent secondary neurons can be identified by their
location and lower level of fluorescence (Fig. 7D). The GFP
fluorescence in the neurons can be easily detected in
embryos up to 80 hpf (Fig. 7E) but from Day 4, fluorescence
in the body trunk begins to be masked by the thickening of
muscle layers, although neuronal fluorescence from eye and
brain are clearly visible (data not shown). The neuron-
specific GFP expression in the transgenic zebrafish was
stably maintained in homozygous F4 progeny.
GFP transcription in the transgenic zebrafish embryos
as detected at 11 hpf (Fig. 8A) by in situ hybridization
using an antisense GFP RNA probe, which is close to the
point at which endogenous HuC transcripts are first seen in
the wild-type zebrafish embryos (Fig. 8B). However, the first
GFP fluorescence can be seen in the prospective brain and
spinal cord in 12 hpf transgenic zebrafish embryos under
the fluorescence stereomicroscope (data not shown).
To examine the neuronal specificity of GFP expression in
the transgenic lines more easily, GFP-positive cells in the
transgenic zebrafish embryos were visualized by whole-
mount immunostaining using an anti-GFP polyclonal anti-
body. By 24 hpf, all the brain tracts and the nuclei that
establish the early axonal scaffold in the brain can be
recognized by anti-GFP antibody labeling (Figs. 8D, 8F, 8G).
For example, the anterior commissure, the postoptic com-
missure (poc), posterior commissure (pc), tract of the
postoptic commissure (tpoc), and the nuclei that establish
these tracts in the forebrain and midbrain can be identified
by GFP expression (Fig. 8D). An antibody against acetylated
a-tubulin expression reveals the same early brain tracts and
nuclei in an embryo of similar age (Fig. 8C). Figure 8F shows
GFP expression in the medial longitudinal fasciculus and
the nucleus that establishes this tract. Finally, Fig. 8G
shows a lateral view of the hindbrain and reveals the
trigeminal ganglion, the segmental distribution of neuron
clusters in rhombomeres, and the dorsal longitudinal fas-
ciculus (dlf). These results together indicate that the GFP
RNA expression in the transgenic line is temporally and
spatially similar to that of HuC mRNA transcripts in the
wild-type zebrafish embryos. In addition, the expression of
GFP not only identifies the cell bodies of neurons, like
HuC, but as GFP fills the axons it eventually facilitates the
observation of axon tracts in living embryos.
HuC-GFP Transgenic Zebrafish Enables the Rapid
Characterization of Neuronal Mutant
To illustrate how HuC-GFP transgenic zebrafish can be a
useful tool for characterizing neurogenesis mutants, we
introduced the HuC-GFP gene into mib mutant zebrafish
Schier et al., 1996). The mib mutant is characterized by a
eurogenic phenotype with supernumerary early differenti-
ting neurons and a deficit in late differentiating neurons
Jiang et al., 1996). In order to observe HuC-GFP expression
s of reproduction in any form reserved.
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289Transgenic Zebrafish with Fluorescent Neuronsin mib mutants, homozygous HuC-GFP zebrafish were
crossed with heterozygous mib carriers. The resulting F1
progeny were raised to sexual maturity and were crossed
with mib1/2 fish to obtain HuC-GFP1/2/mib2/2 mutant
mbryos. As shown in Fig. 9, neuronal hyperplasia was
vident in HuC-GFP1/2/mib2/2 transgenic embryos since
these embryos had much more intense GFP fluorescence
compared to that of HuC-GFP1/2 embryos (Fig. 9). These
results illustrate how HuC-GFP transgenic zebrafish could
be used as a simple and efficient tool for isolating and
analyzing the neurogenesis mutants in zebrafish.
In conclusion, we have isolated and characterized the
pan-neuronal HuC promoter in zebrafish. Furthermore, we
have generated a transgenic zebrafish line that expresses
GFP in neurons of both the CNS and the PNS. Recently,
Higashijima et al. (2000) have shown that transgenic ze-
rafish expressing GFP in motorneurons can be reliably
enerated. However, these are the first reported transgenic
ebrafish where all neurons are fluorescent from such an
arly stage in differentiation.
DISCUSSION
We have identified and characterized the HuC promoter
n zebrafish, a gene whose expression has previously been
hown to be a useful early marker for neurons in zebrafish,
ike its homologue elav in other experimental systems. We
showed that an approximately 2.8-kb 59-upstream region
may contain sufficient cis-acting elements to direct neuron-
specific expression of GFP in a pattern that closely mimics
endogenous HuC expression. Analysis of the 2.8-kb up-
stream region identified both key components of the pro-
moter that enhance expression of GFP in a wide range of
tissues and elements which ensure that GFP expression is
suppressed in nonneuronal cells. Finally, analysis of the
HuC promoter led to the establishment of a transgenic line
with fluorescent neurons. This line will be a useful tool in
identification and analysis of neurogenesis mutants. In the
future, the HuC promoter will also be used to direct ectopic
expression of various genes in cells that have selected a
neuronal fate.
Analysis of upstream cis-acting elements provides clues
about the trans-acting factors that influence HuC expres-
sion in neurons. The CCAAT motif is one of the common
promoter elements present in the proximal promoter of
numerous genes transcribed by RNA polymerase II. One
perfect CCAAT sequence was identified 60 bp upstream of
the transcription start site, which is approximately where
this type of CCAAT box is typically found (Dorn et al.,
1987; Bucher, 1990). The CCAAT-binding protein (CBF/
NF-Y) is one of the major trans-acting factors that binds
with the CCAAT box. Conservation of [T/C][A/G][A/G] at
the 59-end and CA at the 39-ends of the CCAAT box has also
been reported to be required for high-affinity binding of
CBF/NF-Y (Bi et al., 1997). In contrast, the CCAAT box for
other CCAAT-binding proteins, CTF/NF1 and CCAAT/
Copyright © 2000 by Academic Press. All rightnhancer-binding protein (C/EBP), often does not contain a
omplete CCAAT sequence (Maity and Crombrugghe,
998). Since the HuC promoter contains a perfect CCAAT
equence, and is also flanked by TAG at the 59-end and CA
t the 3-end, it is likely that this promoter interacts with
BF/NF-Y. The importance of this sequence is underscored
y the loss of HuC promoter activity that results from a
ne-base mutation of the CCAAT-box (first A to C) in the
Sac-M construct.
The zebrafish HuC promoter has no TATA box; however,
GC-rich element was identified at the distal region of the
romoter, which provides a binding site for the trans-acting
actor SP1. This factor plays an important role in assem-
ling the TATA-binding protein (TBP) and TBP-associated
actors (TAFs) with RNA polymerase II in TATA-less pro-
oters (Pugh and Tjian, 1991; Wang et al., 1998). The
absence of a TATA box has also been reported in the D. elav
promoter (Yao and White, 1994).
HuC promoter analysis revealed that the DEco construct
can restrict GFP expression to neurons, thus it is likely that
a 2.8-kb 59-upstream region provides sufficient cis-acting
elements to direct neuron-specific HuC expression. Func-
tional analysis of the 59-region flanking the zebrafish HuC
gene with serial deletions of the DEco construct suggested
that the distal region of the HuC promoter may play an
important role in maintaining specificity of HuC expres-
sion in neurons. The DHind construct showed that elimi-
nation of a putative MyT1 binding sequence and two E-box
sequences that reside in this region led to the expression of
GFP in neurons as well as in muscles. The identification of
a putative MyT1 binding sequence is interesting because
the zinc finger protein MyT1 has been suggested to play an
important role in the stable adoption of a neuronal fate
(Bellefroid et al., 1996). However, since MyT1 is not ex-
pressed in muscle cells, it is unlikely that it normally plays
a role in preventing expression of HuC in muscle cells, as
the DHind construct might suggest. The MyT1 binding site
is associated with E-box sequences that interact with bHLH
transcription factors. This class of transcription factors
includes neurogenin (Ma et al., 1996a; Blader et al., 1997)
and neuroD (Lee et al., 1995; Korzh et al., 1998), which
along with other bHLH transcription factors play a critical
role in the determination and differentiation of neurons.
bHLH transcription factors, like myoD and myogenin, also
play an important role in determination and differentiation
of muscle cells (review: Molkentin and Olson, 1996).
Hence, it is particularly interesting that progressive dele-
tion of the 59-flanking region in the HuC gene (DSph, DKpn,
and DBst constructs) correlates with an increase of GFP
expression in muscle cells without a significant drop in the
level of GFP expression in neurons. This result implies that
12 E-box sequences (5th to 16th) play a more critical role in
suppressing HuC expression in the muscle cells rather than
in specifically enhancing neuronal expression. Elimination
of the 2nd to 4th E-box sequences allows further expansion
of GFP expression into almost all zebrafish embryonic
tissues. The second E-box sequence is identical to the
s of reproduction in any form reserved.
ea
2FIG. 8. Temporal and spatial expression pattern of HuC-GFP minigene in the homozygotic transgenic zebrafish embryos. Expression patterns
of GFP (A) and HuC (B) mRNA transcripts detected by whole mount in situ hybridization using synthetic antisense RNAs. Dorsal view of 11 hpf
mbryos for GFP (A) and HuC (B). (C) Lateral view, expression of acetylated a-tubulin detected by whole mount immunostaining (Sigma mouse
Monoclonal, clone 6-11B-1). Expression of GFP labeled by anti-GFP polyclonal antibody in 24 hpf embryos (D–G). (D) Lateral view; expressions
of GFP were detected in the telencephalic cluster (tc), anterior commissure (ac), epiphysial cluster (ec), posterior commissure (pc), tract of
posterior commissure (tpc), postoptic commissure (poc), and tract of the postoptic commissure (tpoc). (E) Anterior view, expression of GFP in the
olfactory placodes. (F) Dorsal view, expression of GFP in the nucleus of the medial longitudinal fasciculus (nMLF) and medial longitudinal
fasciculus (MLF). (G) Lateral view of hindbrain; expression of GFP in the trigeminal ganglion (tg) and rhombomeres (v) in the hindbrain.
FIG. 9. Characterization of living mib mutant transgenic embryos by GFP fluorescence. The neurogenic phenotype in 2-day-old
HuC-GFP1/2/mib2/2 zebrafish embryo seen by GFP fluorescence with a Leica MZFLIII fluorescence stereomicroscope (right), compared withheterozygotic wild-type HuC-GFP1/2 transgenic embryo (left).
90
1
o
f
g
s
r
H
m
w
e
o
H
b
g
i
a
d
i
g
n
t
a
K
n
n
g
G
t
a
n
e
t
i
f
t
s
(
f
m
d
291Transgenic Zebrafish with Fluorescent Neuronsnucleotide sequence of the first E-box (CAGGTG) of the vgf
promoter, a neuron-specific, neurotrophin-inducible gene.
The first E box in the vgf promoter has been identified as an
important determinant for neural cell-specific expression of
vgf promoter and, as with the HuC promoter, the deletion
of this E box in the vgf promoter caused an increase in the
expression of a reporter gene in nonneuronal cells (Di Rocco
et al., 1997).
In addition to E boxes and MyT1 binding sequences, a
GATA-1 binding motif is also found in the 59-flanking
region of the zebrafish HuC gene. The GATA binding
domain is typically associated with gene expression in cells
of an erythroid lineage (Evans et al., 1988; Long et al., 1997)
and we do not yet know the significance of the GATA-1
binding motif in neuron-specific HuC gene expression. Its
presence is consistent, however, with the observation that
genes containing GATA homologues such as zebrafish
GATA-2 (Detrich et al., 1995; Meng et al., 1997), mouse
GATA-3 (Ko et al., 1991), and Xenopus GATA-3 (Zon et al.,
991) are expressed in the developing nervous system, as are
ther genes involved in hematopoietic development (Ele-
anty et al., 1999; Lu et al., 1999).
Our analysis of the 2771-bp 59-flanking region of the HuC
ene suggests that this region is sufficient to drive neuron-
pecific HuC expression; however, we cannot completely
ule out the possibility that intron-1, inserted into the
uC-GFP minigene, might also provide additional ele-
ents required to mimic endogenous HuC expression.
HuC protein is typically confined to the cell body, and
hile it is expressed soon after neurons are born, its
xpression pattern does not allow the detailed morphology
f differentiating neurons to be visualized. In transgenic
uC-GFP embryos, however, GFP fills the neuron’s cell
ody and extending axons, providing a clear view of neuro-
enesis and axonogenesis in live embryos. GFP is expressed
n the transgenic embryos much earlier than many other
ntigens recognized by antibodies traditionally used to
etect neurons in zebrafish. Consequently, immunostain-
ng with anti-GFP polyclonal antibody in HuC-GFP trans-
enics or confocal microscopy allows us to recognize more
euronal cell bodies in the brain, spinal cord, and PNS than
hose recognized by the acetylated-tublin and anti-HNK-1
ntibodies at equivalent stages of development (Chitnis and
uwada, 1990; Wilson et al., 1990). In addition, pan-
euronal expression of HuC allows us to visualize more
eurons, at an earlier stage, than seen with markers for
enes like islet-1. To demonstrate the usefulness of HuC-
FP transgenic zebrafish in screening neurogenesis mu-
ants, we crossed the transgenic zebrafish with mib (Jiang et
l., 1996; Schier et al., 1996) mutants and showed that the
eurogenic phenotype can very easily be observed in live
mbryos.
These results taken together indicate that our HuC-GFP
ransgenic zebrafish will be a valuable tool for the direct
dentification of neurogenesis and axonogenesis mutants in
uture mutagenesis screens. Recently the GAL4-UAS sys-
em has been used in zebrafish to direct the expression of
Copyright © 2000 by Academic Press. All rightpecific genes under the control of tissue-specific promoters
Scheer and Campos-Ortega, 1999). This presents a strategy
or using the HuC promoter to direct expression of experi-
ental genes in neurons without affecting early embryonic
evelopment.
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